Abstract Although current concepts of anterior femoroacetabular impingement predict damage in the labrum and the cartilage, the actual joint damage has not been verified by computer simulation. We retrospectively compared the intraoperative locations of labral and cartilage damage of 40 hips during surgical dislocation for cam or pincer type femoroacetabular impingement (Group I) with the
Introduction
Femoroacetabular impingement (FAI) is a recently proposed etiology of early osteoarthritis of the young hip [8, 18] . It represents an abutment conflict between the acetabular rim and the proximal femur of hips that appear ''normal'' at first sight on conventional radiographs. Osseous prominences of the femur and/or the acetabulum expose the hip to recurrent microtrauma during certain torsional maneuvers of the joint (particularly end-range flexion and internal rotation) leading to degenerative joint alterations. Two types of impingement have been distinguished based on the origin and the mechanism of impingement: pincer and cam [2, 11] . Pincer impingement occurs when there is direct linear contact with an abrupt stop between the femoral head-neck junction and a localized anterior osseous acetabular prominence (eg, with acetabular retroversion) [20] or generally overcovered acetabulum (eg, protrusio acetabuli) [8] . Cam impingement is mainly caused by a femoral head that is not perfectly round which subsequently is jammed into the acetabulum [9] .
The typical location of early chondrolabral damage is located in the anterosuperior quadrant of the acetabulum [1, 2, 21] . According to the FAI theory, the articular damage occurs at the site of highest femoroacetabular impact. However, the actual articular damage has not been correlated to known zones of impingement owing to lack of a validated noninvasive method to ascertain impingement during motion. Existing imaging methods only include a ''static'' interpretation of the joint damage (eg, conventional radiography [24] , magnetic resonance imaging [12] , or 3-D computed tomography [CT] [1] ). Previously described ''dynamic'' imaging methods for simulating hip range of motion and individual femoroacetabular impingement location [22] have not been validated with actual motion and impingement in cadavers either. In addition, they do not include the software requirements to ascertain cumulative impingement zones, but rather provide a single impingement point and not areas of impingement based on a given range of motion.
We hypothesized the locations of labral and cartilage degeneration occur at the computed zone of FAI for both pincer and cam hips.
Materials and Methods
We retrospectively compared the intraoperatively documented location and extent of degenerative articular joint damage of one group of hips (Group I; n = 40) with the location of impingement detected with specifically developed software from a second independent group of hips (Group II; n = 15). In Group I, the intraoperative joint damage including locations was documented for each patient by the surgeon during the surgical hip dislocation. In Group II, a recently developed computer analysis described later was performed preoperatively. We compared the locations of labral damage and cartilage damage along the acetabular rim for the two groups.
All patients from both groups had been diagnosed with anterior FAI. The diagnosis was based on previously described clinical and radiographic criteria [8, 18, 24] . All patients had a positive ''impingement sign'' on clinical examination [8] . Two subgroups in both groups I and II were established: a cam subgroup and a pincer subgroup. A hip was classified as spherical if the head protruded out of a circle drawn around the head and extended anteriorly in a convex shape of the base of the neck on the lateral crosstable view [2] . The shape of the femoral head was classified as normal if the femoral head was spherical both in the anteroposterior and the axial crosstable radiograph, the neck offset measured less than 7 mm [6] , or the alpha angle according to Nötzli et al. [19] measured less than 50°. The acetabulum was classified as retroverted if the anterior acetabular rim was more lateral than the posterior rim in the cranial part of the acetabulum [20, 24] . A coxa profunda was diagnosed if the floor of the acetabulum touched or overlapped the ilioischial line [2, 3, 24] . A protrusio was identified when the femoral head overlapped the ilioischial line medially [2, 3, 24] .
For Group I, we reviewed the intraoperative notes of 263 consecutive patients (302 hips, 39 bilateral) who underwent surgical hip dislocation for FAI at the senior author's (KAS) institution. We included only hips with a pure cam or pincer FAI according to the criteria by Beck et al. [2] because these two groups have substantially different patterns of joint damage. We excluded 109 hips with combined FAI, 52 hips with advanced osteoarthritis (Grade ‡ 1 according to Tönnis [25] ), 37 with traumatic or posttraumatic conditions, 36 with insufficient/incomplete radiographs, 14 with avascular necrosis, seven with previous surgery, and seven with Legg-Calvé-Perthes disease, leaving 40 hips (32 patients, 8 bilateral) with pure cam or pincer types for further investigation. We compared demographic, clinical, and radiographic parameters to match study cohorts. There were no differences of the evaluated parameters (Table 1 ). This project was approved by the local institutional review board.
Intraoperatively, we (MB, KAS, RG, ML) assessed the labrum and the acetabular cartilage. The labrum was judged damaged if there was evidence of a complete tear, tear of the undersurface, or degenerative changes within the substance (Fig. 1A) [2] . The cartilage was judged damaged if there were signs of degeneration ranging from roughening of the surface with fibrillation to full-thickness defects (Fig. 1B) [3] . To describe the exact location of the lesions, the acetabulum was divided into 12 sectors corresponding to a clock face, the 6 o'clock being located in the middle of the incision acetabular notch (Fig. 1C) . All findings were converted to the right side to have 3 o'clock consistently representing the most anterior portion of the acetabulum. The lesions of the labrum and cartilage were assigned numbers correlating with their position. Because the identifications of the quality [4, 13] of cartilage and the extent of labrum lesions with the clock system [16] is accurate in other, more complex joints, we did not perform an additional intra/interobserver analysis of these assessments. For this group, no preoperative computer analysis was performed because all patients had been operated before the software had been validated (see ''HipMotion,'' below).
For Group II, we reviewed the digital image database of one of the authors (SBM). In this center, a noninvasive CTbased 3-D impingement analysis is performed routinely for patients with FAI. From a total of 59 hips (51 patients, 8 bilateral) and based on the inclusion/exclusion criteria on anteroposterior ( Fig. 2A ) and crosstable axial radiographs (Fig. 2B ) described above, we identified 15 hips (9 patients, 6 bilateral) with pure pincer or cam impingement. A virtual 3-D model of the hip and the distal part of the femur was acquired using a standard helical scanner for CT scans. For this group, no comparable intraoperative data were available for two reasons: the surgeon used an alternative less invasive surgical approach without full acetabular visualization (11 hips [7 patients]), or patients refused operation (4 hips [2 patients]).
We used a previously developed and validated software called ''HipMotion'' (University of Bern, Switzerland) for all hips, allowing anatomically based calculation of the individual hip range of motion, the location of impingement zones, and quantified surgical virtual treatment of FAI surgery (Fig. 2C ) [22] . Anatomic references for the calculation of the amplitude of hip motion were the anterior pelvic plane for the pelvis [5, 23] and the axis through the hip and knee center for the femur [17] . Based on the motion pattern of conventional manual examination (impingement test [8, 9] ), we evaluated the hips in 5°i ncrements between 70°and 110°of flexion and in 10°i ncrements between -20°to 20°of adduction. Internal rotation was restricted by the individual morphology of the joint. We quantified the position of each single impingement point of every possible combination of patterns detected on the acetabular rim, resulting in approximately 2000 to 4000 computed impingement points per patient (Fig. 2C) . The distribution of the zones was automatically calculated and virtually documented using the described clock system according to clinical practice. We created histograms displaying the frequency of distribution of the zone of impingement and the location of the labral and chondral damage. We compared the mean values of the distribution for every possible combination of each group and subgroup.
Because these numbers represent the maximum available numbers with a complete documentation at the authors' departments, we performed no a priori power analysis. Instead, we carried out a post hoc power analysis for the gathered data described later. At a two-sided level of significance of 5%, a power of 73.4% was found for detection of differences between the labrum damage locations and the computed impingement zones and 65.9% for differences between the cartilage damage locations and the computed impingement zones.
We used the Kolmogorov-Smirnov test to determine normal distributions and nonpaired t tests to analyze normally distributed variables (selected demographic parameters [ Table 1 ], localization of intraoperative cartilage and labrum). The continuous demographic parameters of all groups/subgroups had a normal distribution. We used Mann-Whitney U tests to compare nonpaired data without normal distribution (adduction, abduction, external rotation). Differences in standard deviation between the theoretical impingement zones and the actual joint damage were calculated by means of the F test. We performed Fisher's exact test to assess associations between categorical parameters (selected demographical data, eg, gender). Significance was set at the p \ 0.05 level.
Results
We observed no differences in the mean values of the locations of the detected labrum lesions of Group I and in Group II (Fig. 3A) and for the pincer (Fig. 3B) and cam (Fig. 3C ) subgroups (distributions shown in Table 2 ; p values shown in Table 3 ). The individual peak of the normal distribution of the labrum lesions and the computed impingement zones was located in the anterosuperior quadrant of the acetabulum for all subgroups. We found no differences in the mean calculated values of the labrum lesions and impingement zones for cam and pincer hips ( Table 3 ). The comparison of variance of the distribution showed a larger standard deviation of labral lesions when comparing to the computerized impingement zones to both pincer (Fig. 3B) and cam hips (Fig. 3C) .
There was no difference in the mean values of the locations of the detected cartilage lesions of Group I and Group II for all three subgroups. (Fig. 3A-C , Tables 2 and  3 ). The peak of the normal distribution of the cartilage lesions was located in the anterosuperior acetabular quadrant which did not differ from the computed impingement zones for cam or pincer hips (Tables 2 and 3 ). However, the variance of the distribution was larger for the locations of the chondral lesions compared to those for the computerized impingement zones in both pincer (Fig. 3B ) and cam hips (Fig. 3C) (Table 4) .
When comparing labral with cartilage lesions, we observed no difference in terms of the mean values of the normal distribution (Table 3) . However, we did observe a more circumferential pattern of labral and chondral damage (p = 0.022 and p = 0.05, respectively) in pincer hips (Table 4) .
Discussion
Although the inferential evidence suggests labral and associated early degenerative cartilage damage are related to FAI, the concurrence of the actual impingement zone and resulting joint damage have not been confirmed. We therefore hypothesized the locations of labral and cartilage degeneration occur at the computed zone of impingement for both pincer and cam hips.
We note several limitations. First, we did not correlate the individual damage of one specific patient with the determined impingement in that patient but rather correlated locations of observed damage in one group with simulated impingement in another. This relates to several factors. First, not all patients undergoing a CT-based computer analysis of the hip were scheduled for surgery; some of them refused surgery for various reasons (eg, ongoing sports career) or were still deciding whether to have surgery. Second, other patients of Group II (particularly patients with cam type FAI) did not undergo a full surgical hip dislocation but had an alternative, less invasive procedure, such as arthroscopy or an anterior approach. Third, some patients already had areas of cartilage loss substantial enough that joint-preserving surgery would likely have failed. However, the demographic, clinical, and radiographic data did not differ between the two groups (Table 1) , and the authors believe these two patient populations are comparable. Future studies should include the comparison of the individual femoroacetabular contact zone with the resulting damage within the same patient. Another limitation is the fact that reliability/ reproducibility of grading cartilage and labrum lesions and their extension were not specifically investigated in this study. However, previous studies suggest reasonable kappa or intraclass correlation values for these parameters [4, 13, 16] . Marx et al. [13] found an observed agreement of the Outerbridge classification for grading of articular cartilage during knee arthroscopy of 80% to 94% with an overall accuracy of 68%. Similarly, Cameron et al. [4] found an average intraobserver kappa coefficient of 0.80 with an average kappa value of 0.72 for interobserver agreement for grading of chondral lesions in knee arthroscopy. Analogously to the clock system of the hip joint, Mihata et al. [16] evaluated the distribution of labral tears of the shoulder along the glenoid rim and found a mean intraclass correlation coefficient of 0.77 for intraobserver repeatability and 0.72 for interobserver reproducibility. In all these validation studies, the direct intraoperative visualization and palpation of the defects was used as gold standard. Keeping in mind that in our measurements only a binary description system (damaged versus intact) was used and that our data relates to direct intraoperative observation, we do not believe this limitation seriously jeopardizes our data or conclusions even when no comparable data on this subject is available for the hip.
The joint damage we observed along the acetabular rim in anterior FAI was larger than the computed impingement area although the mean values of most frequent impact site and the maximum chondrolabral damage did not differ. Two explanations are conceivable. Our software only calculates the sum of single impingement points of two rigid bodies. The motion simulation stops as soon as an impingement point is detected. It ignores soft tissue and potential bone deformation under stress. It is likely the motion proceeds slightly due to the deformable properties of the cartilage and the labrum, leading to a larger damage of the involved structures. This is supported by the fact that the particular stress distribution of the hip as a ball-andsocket joint is distributed around a maximum pole [27] . The stress distribution therefore is not restricted only to the maximum contact point between the acetabular rim and the femoral head-neck junction but also includes the adjacent chondrolabral structures. Several theories explain the preponderance of lesions involving the anterior labral-cartilage junction. These include inferior intrinsic mechanical properties compared to other portions of the labrum or a relative hypovascularity making the anterior labrum more vulnerable to wear and degeneration because of resultant compromised remodeling and healing capacity [14, 15] . However, according to our data, it is more likely chondrolabral lesions occur at the site of highest probability of femoroacetabular impact and thus are more exposed to higher mechanical stress.
Our findings support reports in the literature describing an association between the presence of the labral lesions and the degeneration of the adjacent articular surface, mainly proven in arthroscopy [7, 14, 15] . However, all of these studies have in common that they fail to provide a satisfactory explanation for the cause of articular damage. Most authors ascribe direct trauma during sports activities to the etiology of the labral tears. In fact, they rarely occur in the absence of bony abnormalities [26] . The results of arthroscopy with partial limbectomy are therefore unsatisfactory if the underlying cause (in most cases FAI) is not addressed simultaneously [10] . Based on our analysis and in accordance with other studies [26] , we assume, in a substantial number of hips where a labral tear is evident, FAI is the underlying cause. Our analysis demonstrates the most severe joint damage in anterior FAI occurs directly at the site of highest impact in the anterosuperior quadrant of the labrum. The extent of the resulting degenerative joint alteration along the acetabular rim was larger intraoperatively than that observed on the images of the 3-D joint collision detection. From our data, we concluded (1) the maximum hip damage in FAI occurs at the impingement impact site between the femoral head-neck junction and the acetabulum and (2) an even larger area of damage should be expected intraoperatively compared to a preoperative noninvasive computerized assessment. Based on the evidence, we believe FAI is a major source of early joint damage.
